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Fluorescent polyene-lipidIn membranes liquid disordered (ld) and liquid ordered (lo) domains can exist that differ in ﬂuidity and func-
tion. Lo areas are predominantly composed of cholesterol and sphingomyelin (SM). Study of the formation of
such domains is hampered by a lack of methods to analyze speciﬁc lipid–lipid interactions at low concentra-
tions of individual molecular lipid species in membranes. Here, we developed a simple biophysical method to
experimentally assess the afﬁnity of various molecular species of SM for cholesterol, and for their endogenous
counterparts (kin) at physiological concentrations. Fluorescent SM (ﬂc SM) molecular species with a conju-
gated pentaene system in their fatty acids are employed to monitor their afﬁnity to either cholesterol or
their kin by ﬂuorescence unquenching. With this novel method we show that speciﬁc interactions of individ-
ual SMs with cholesterol or their kin exist, indicating the presence of SM nano‐domains in ld-phases, strictly
based on kin/cholesterol recognition.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The complexity of biological membranes results from a network of
speciﬁc lipid–lipid, protein–protein and lipid–protein interactions.
The eukaryotic lipidome is complex, with roughly 1000 lipid classes
and molecular species [1], asymmetrically distributed in the bilayer.
Lipids are thought to be not homogenously partitioned throughout a
membrane but rather to form lateral heterogeneities, specializedmicro-
domains, some of which are referred to as membrane rafts [2]. Such
membrane rafts are deﬁned as dynamic sterol and sphingolipid-
enriched domains in a lo-phase, whichmight help to compartmentalize
processes within the bilayer. Although several models were proposed
for the biogenesis of membrane rafts, which vary in the contributions
of protein–lipid (lipid shell hypothesis; [3]) and lipid–lipid interac-
tions (membrane raft hypothesis; [4]), it is still not fully understood
to which extent the intrinsic properties of membrane lipids could
participate in the biogenesis of membranemicrodomains (for review
see: [5]).
Various atomistic studies focused on the interactions of cholester-
ol and SM as molecular building blocks of lo-phases [6–16]. The pro-
posed molecular mechanism of interaction between cholesterol and
SM is characterized by three main features: i) London dispersion
forces between the sterol ring system of cholesterol and the amide-
linked fatty acid of SM, ii) an altered pattern of intra-moleculariochemistry Center (BZH), Im
any. Tel.: +49 6221 54 5426;
g.de (B. Brügger),
l rights reserved.hydrogen-bonding within SM, and iii) an electrostatic attraction be-
tween the polar oxygen of the hydroxyl moiety of cholesterol and
the charged nitrogen of the phosphocholine head group of SM, caus-
ing an angular tilt of the phosphocholine head group of SM (for re-
view see: [17]). Together, these features result in a disruption of
hydrogen bonding of cholesterol to polarmolecules in the interfacial re-
gion [18], a mechanism that represents a crucial determinant for the
formation of SM/cholesterol networks and transitions to lo-phases. In
vitro analysis of the interaction of sphingolipids with cholesterol
[19–31] greatly contributed to our understanding of the molecular
mechanisms of microdomain formation.
A lipid-dependent nucleation process in the biogenesis of lo-
phases is likely to be inﬂuenced by individual afﬁnities among lipids.
Biophysical methods such as differential scanning calorimetry (DSC)
and Fourier-transform infrared spectroscopy (FT-IR) have been suc-
cessfully employed to study parameters like miscibility of distinct
lipid classes, the orientation of their hydrocarbon chains, and inter-
actions of the polar head groups of lipids [20,32–44]. However, the
mole-percentages needed in these types of experiments do not
allow for the sensitivity required to detect low afﬁnity- and transient
interactions at concentrations of the lipid molecular species as they
prevail in biological membranes. Due to this limitation, in silico
approaches, i.e. molecular dynamics simulations, are employed to
study speciﬁc interactions between lipids from an atomistic point
of view. These atomistic approaches have contributed to our under-
standing of molecular interactions within biological membranes,
and support a general concept of sphingolipid–cholesterol-based
transitions to liquid ordered phases [12,17]. For the analysis of inter-
actions among distinct molecular lipid species at equilibrium, exper-
imental approaches have been limited so far, because most classical
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lipid analogs are hampered by structural and physical alterations in-
duced by the ﬂuorescent molecules. For example, commercially
available lipid ﬂuorophores, such as NBD- and BODIPY-labeled fatty
acids, have an enormous impact on the chemical structure and pack-
aging of the resulting lipid, in particular in conferring a lyso-
phospholipid character, and can lead to a mislocalization of the
lipid of interest within the cell [45–50]. Another class of ﬂuorescent
lipids to study lipids in membranes capitalizes on the presence of
conjugated double bonds in fatty acids that form an optically active π-
electron system, and importantly, minimize structural alterations com-
pared to endogenous fatty acids. Initially, tetraene-fatty acids were
introduced to serve as membrane probes [51]. Later, pentaene-lipids,
with ﬁve conjugated double bonds in their fatty acid were introduced,
characterized and successfully used to study lipids, also in a cellular
context [46,52,53]. The pentaene-moiety is characterized by an excita-
tion maximum of approximately 340 nm and displays a maximal emis-
sion between 440 and 475 nm. Pentaene-fatty acids exhibit a slight kink
due to their conjugated pentaene-system, less pronounced than that in-
troduced by a single cis double bond. Due to the ﬁve conjugated double
bonds, a pentaene-fatty acid is slightly shorter (1 Å) than the respective
saturated fatty acid. Indeed, Kuerschner et al. [46,52] found lipids con-
taining this type of ﬂuorescent probe to behave like their endogenous
counterparts in vivo, with respect to uptake, metabolism, transport
and localization in membrane microdomains.
Together, these characteristics make the pentaene lipids excellent
tools to study lipid–lipid and lipid–protein interactions in the context
of membranes with physiological lipid compositions and concentra-
tions. Employing such ﬂuorescent sphingolipid species in a liposomal
FRET assay, we have recently shown that a transmembrane protein
selects for only one SM molecular species with a speciﬁc length of
its N-acylated fatty acid [54]. We now expand on these analyses to
study molecular interactions of individual lipid species within the hy-
drophobic phase of membranes.
2. Materials and methods
2.1. Materials
Di-oleoyl-phosphatidylcholine (DOPC), phosphatidylethanolamine
(PE) (bovine liver), cholesterol (ovine wool), SM 16:0 (d18:1/16:0),
SM 18:0 (d18:1/18:0) and Facade-EM (3α-hydroxy-7α,12α-di-O-ß-D-
maltosyl-2-hydroxyethoxy-cholane) were purchased from Avanti
Polar Lipids (Alabama, USA). Octaethylen glycol monododecyl ether
(C12E8) was obtained from Sigma-Aldrich (St. Louis, USA). C12-7-
nitro-2-1,3-benzoxadiazol-4-yl (NBD)-SM was purchased from Mat-
reya (Pleasant Gap, USA).
Pentaene-fatty acids were synthesized as described and coupled
to lyso-SM or lyso-phosphatidylcholine, forming pentaene-SM or
pentaene-phosphatidylcholine [46]. All products were analyzed by
1H NMR, mass spectrometry (Supplementary Fig. 1a) and UV spectros-
copy (Supplementary Fig. 1b) and found to be in accordance with the
literature [46].
2.2. Preparation of liposomes
Liposomes were generated by mixing the lipids of interest in the
desired ratios to a ﬁnal lipid concentration of 1 mM in Eppendorf
tubes resistant to chloroform and methanol. Samples were dried
under a stream of nitrogen and placed under a vacuum for 1 h in
order to generate a fully dried lipid ﬁlm. The lipid ﬁlm was rehydrated
with 500 μl HEPES/KOH buffer (10 mM, pH 7.4), mixed and placed in
an ultrasound bath until the lipid ﬁlm was completely dissolved.
Large unilamellar vesicles (LUVs) were generated by 10 freeze and
thaw cycles (alternate exposure to liquid nitrogen and 40 °C water
bath). The liposomal samples were then processed with an Extruder(Avestin, Mannheim) with 20 passages through 2 polycarbonate ﬁl-
ters (Millipore, Eschborn) with a pore size of 100 nm in order to gen-
erate LUVs of deﬁned sizes. The liposomes were always used on the
same day.
2.3. Liposomal ﬂuorescence intensity assay
To determine the maximal ﬂuorescence of pentaene-SM in lipo-
somes containing 1 mol% of a particular pentaene-lipid and DOPC/
PE (89/10), liposomes were diluted 1:10 in HEPES/KOH buffer
(10 mM, pH 7.4) to obtain a 0.1 mM lipid concentration in a quartz
cuvette. The cuvette was heated to 25 °C for 5 min and stirred at
450 rpm using a small magnetic bar in a spectroﬂuorometer Jasco
6500 unit (Jasco, Gross-Umstadt). Themaximal pentaene-SMemission
level was determined by the following settings in the Jasco 6500 soft-
ware: Excitation of the pentaene at 340 nm±5 nm,mediumsensitivity,
1 data point (nm) per second at maximum scanning speed. The emis-
sion spectra were obtained from 400 to 540 nm. The maximal emission
of the pentaene moiety was detected at 475 nm±2 nm. Throughout
the measurements, the liposomal samples in queue were protected
against light by alloy foil and kept on ice.
2.4. Octanol-triggered increase in pentaene-SM ﬂuorescence
Liposomes were prepared containing 6 μM of pentaene-SM 18:5 in
HEPES/KOH (10 mM, pH 7.4). Liposome samples containing increas-
ing amounts of the alcohol 1-octanol (3–18 μM) were generated
and the respective maximal ﬂuorescence intensities were recorded
as described above.
2.5. Maximal unquenching of pentaene-SM ﬂuorescence by detergent
Maximal ﬂuorescence of pentaene-SM 18 (SM 18:5) (1 mol%) in
DOPC/PE (89/10) liposomes was determined as described in Section
2.3. The detergents C12E8 and Facade-EM (CMC~0.1 mM) was
added to liposomes to a ﬁnal concentration of 100 mM (100fold
molar excess), stirred for 5 min, then maximal ﬂuorescence was
determined.
2.6. Titration of fatty acid t16:5, SM 16:5 and C12-NBD-SM into liposomes
Liposomes were prepared with increasing concentrations of either
fatty acid all-trans 16:5 (t16:5), SM 16:5 or C12-NBD-SM
(1–10 mol%) at the expense of DOPC (80–89%) and 10 mol% of liver
PE in 10 mM HEPES/KOH (pH 7.4). The respective maximal ﬂuores-
cence intensities were recorded as described above.
2.7. Statistics
Data were analyzed using GraphPad Prism 5 software. Results of
two-tailed, unpaired t-test are indicated by: not signiﬁcant (ns)
(p>0.05), * (pb0.05), ** (pb0.01), ***(pb0.001).
3. Results
In order to analyze the interaction of a given ﬂuorescent SM spe-
cies with either its non-ﬂuorescent counterpart (kin), cholesterol, or
a combination thereof, we monitored the emission spectra of DOPC/
PE liposomes containing 1 mol% of a given pentaene-SM (a lipid con-
taining a pentaene-fatty acid is referred to as a ﬂc lipid) species. In
Fig. 1a, emission spectra are depicted for the ﬂc SM molecular species
used in this study (ﬂc SM 16 and 18). Maximal emission is observed
between 400 and 540 nmwith a characteristic proﬁle of four partially
resolved peaks with varying ﬂuorescence intensities, whereas the UV
spectra showed similar concentrations of the various ﬂuorescent
lipids in LUVs (Supplement Fig. 1b). The varying intensities are likely
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Fig. 1. Biophysical properties of ﬂc SMs. a, Fluorescence emission spectra of ﬂc SMmolecular species. LUVs composed of DOPC/PE/ﬂc SM (89/10/1) were generated by freeze–thaw cycles
and extrusion through 100 nmﬁlters. Flc SMmoleculeswere excited at 340 nmand emission spectra from 400 to 540 nmwere obtained, representative spectra are shown. Black, ﬂc SM 16
(SM16:5); red, ﬂc SM18. b,ﬂc SM18ﬂuorescence increases upondilution by1-octanol.Multi-lamellar vesicleswereprepared containing6 μMofﬂc SM18. Sampleswere excited at 340 nm
andmaximal ﬂuorescence was recorded. Samples contained increasing amounts of 1-octanol (3–18 μM). Corresponding ﬂuorescence maxima were recorded (SEM of n=3 independent
experiments). c, Unquenching of ﬂc SM 16 and ﬂc SM 18 ﬂuorescence by detergent. Fluorescence intensity of ﬂc SMs(1 mol%) incorporated into DOPC/PE liposomes (89/10) was recorded
before and after addition of detergent (white bars, C12E8; black bars, Facade EM). Data are given as ratio of initial ﬂuorescence divided by ﬂuorescence after addition of detergent. F-EM,
Facade-EM. d, Fluorescence quenching inmodelmembranes is speciﬁc to ﬂc SM species.Multilamellar vesicles (MLVs)were prepared containing either t16:5 (red line),ﬂc SM16 (black line)
or C12-NBD-SM(green line) in aDOPC/PE background (89/10)with increasing concentrations at the expense of DOPC.Maximalﬂuorescence intensitywas recorded for eachMLV species and
normalized to the ﬂuorescence intensity of MLV species containing 1 mol% of the respective ﬂuorescent lipids. Mean and SEM of n=3 independent experiments are given. e, Speciﬁc ﬂuo-
rescence of t16:5, ﬂc SM 16 and C12-NBD-SM. The data obtained from titrations of t16:5, ﬂc SM 16 and C12-NBD-SM (d) was plotted for comparison of speciﬁc ﬂuorescence. f, SM 18:0 does
not trigger a signiﬁcant increase inﬂuorescence of ﬂc PC (18:1/18:5) and C12-NBD-SM. LUVswere prepared containing 1 mol% of ﬂc SM18, ﬂc PC 18:1 or C12-NBD-SM, containing increasing
amounts of SM 18:0. Samples were excited at 340 nm and maximal ﬂuorescence was recorded. (SEM of n=3 independent experiments).
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lar species [9].3.1. ﬂc SM ﬂuorescence increases upon dilution by 1-octanol and detergent
To test to which extent the emission of a ﬂc SM species exhibits an
increase upon dilution, ﬂc SM 18 was rehydrated in buffer and maxi-
mal ﬂuorescence intensities were monitored after the addition of in-
creasing amounts of 1-octanol to dilute the ﬂuorescent lipids. As
depicted in Fig. 1b, normalized ﬂuorescence intensity signiﬁcantly in-
creases by 50% with increasing concentrations of 1-octanol. A plateau
is reached at a stoichiometry of 1:1 of ﬂc SM 18 to 1-octanol. Likewise,
the addition of detergent (C12E8 or Facade-EM) above CMC to ﬂc SM
16- or ﬂc SM 18-containing liposomes triggered a signiﬁcant increase
in ﬂuorescence (Fig. 1c).3.2. Speciﬁcity of ﬂc SM ﬂuorescence unquenching by membrane lipids
To further investigate the suitability of ﬂc fatty acids to serve as
ﬂuorescent labels for SMs, we performed titration experiments with
ﬂc fatty acid 16, C12-NBD-SM, and ﬂc SM 16 (Fig. 1d). Both ﬂc fatty
acid 16 and C12-NBD-SM show an almost linear increase of ﬂuores-
cence with increasing concentration. In contrast, only a low increase
of ﬂuorescence of ﬂc SM 16 was observed (Fig. 1d). Comparison of
speciﬁc ﬂuorescence (ﬂuorescence intensity/mol ﬂc lipid) proﬁles re-
vealed only in the case of ﬂc SM 16 a signiﬁcant reduction in speciﬁc
ﬂuorescence, indicating a high degree of quenching (Fig. 1e).
To further test if ﬂc SMs can serve as tools to study lipid–lipid
interactions, we generated LUVs composed of DOPC/PE (to mimick
an ld phase) containing 1 mol% of ﬂc SM 18 or, as controls, ﬂc PC
(18:1/18:5) or C12-NBD-SM and increasing amounts of the natural
counterpart species of ﬂc SM 18, SM 18:0. While no signiﬁcant
chol
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Fig. 2. ﬂc lipids as tools to study lipid–lipid interactions. ﬂc SM molecules are used as probes (bait, a, b) at a concentration of 1 mol% in LUVs consisting of DOPC/PE (89/10). After
excitation at 340 nm maximal emission of the pentaenyl moiety is monitored. In order to study SM–cholesterol and SM–SM interactions LUVs are generated containing increasing
concentrations of the kin SM and/or cholesterol as prey lipids at the expense of DOPC. Given an afﬁnity of the prey (endogenous SM (c); cholesterol (d)) for the bait (ﬂc SM), the prey
intermixes with the bait (e) due to lipid–lipid interactions, resulting in spatial separation of the bait and thereby unquenching of the pentaene moiety. Unquenching of ﬂuorescence
is monitored as an increase in maximal ﬂuorescence.
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response to increasing concentrations of SM 18:0, ﬂc SM 18 ﬂuo-
rescence signiﬁcantly increased at concentrations even below
1 mol% of this lipid (Fig. 1f), indicating an interaction of non-
ﬂuorescent SM 18:0 with ﬂc SM 18, but not ﬂc PC or C12-NBD-SM.
To test to what extent ﬂc SM species behave like their endogenous,
non-ﬂuorescent counterpart, we compared ﬂuorescence unquenching
of the pairs ﬂc SM 16/SM 18:0 and ﬂc SM 18/SM 16:0, in each case
with increasing amounts of the non-ﬂuorescent lipid. The ﬂuorescence
proﬁles of these pairs are comparable, suggesting that the ﬂuorescent
lipid behaves like its endogenous counterpart (Suppl. Fig. 2).
From these experiments we concluded that a speciﬁc interaction
of ﬂuorescent and non-ﬂuorescent lipids can be monitored by an in-
crease in ﬂuorescence, and that these ﬂuorescent lipid species resem-
ble their endogenous counterparts.3.3. Speciﬁc interactions of molecular species of SM
The rational for the following assay is shown in Fig. 2: Speciﬁc inter-
action of a ﬂuorescent lipid with a non-ﬂuorescent lipid leads to spatial
separation of ﬂuorescent lipids, causing ﬂuorescence unquenching, i.e.
an increase in emission. Based on this assay, we studied the interactions
of ﬂc SMmolecular species C16, amajor sphingomyelin species inmany
tissues, and C18, a major sphingomyelin species in brain, (for examples
see [55–57]) with their kin, with cholesterol and with a combination
thereof. The corresponding LUVs containing 1 mol% of the ﬂuorescent
lipids were analyzed in a ﬂuorimetric assay as described in Section
2.4.When LUVs containing ﬂc SM16were probed, themaximal ﬂuores-
cence intensity observed for the addition of cholesterol was found at
0.75 mol% (Fig. 3a, left panel). With SM 16:0, the maximum was at
2.5 mol% (>1 mol%), and the extent of unquenching statistically does
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Fig. 3. Afﬁnity proﬁles of ﬂc SMs. Fluorescence unquenching proﬁles were obtained for ﬂc SM 16 (a) and ﬂc SM 18 (b) at 1 mol%. Left panels, indicated amounts of the respective kin
(black), cholesterol (blue) or equimolar mixtures of both (gray) were incorporated in LUVs containing 1 mol% of either ﬂc SM 16 or ﬂc SM 18. SEM of n=3 independent experi-
ments is given. Right panels, statistical evaluation of maximal ﬂuorescence increase triggered by the respective kin SM (black), cholesterol (blue) and equimolar mixtures of
both (gray) below and above 1 mol%. Results of unpaired, two-tailed t-test are given: ns (p>0.05), * (pb0.05), ** (pb0.01), ***(pb0.001).
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terestingly, up to 5 mol% of an equimolar mixture of both cholesterol
and SM 16:0 in the liposomes triggered ﬂuorescence maxima similar
to those obtained by the sole addition of SM 16:0. However, when
comparing the maximal unquenching observed below and above
1 mol% of each ﬂuorescent lipid, no statistically signiﬁcant differ-
ences in unquenching were observed (Fig. 3a, right panel), neither
with the kin of ﬂc SM 16 (SM 16:0), nor with cholesterol (or equimo-
lar mixtures of both) at all tested concentrations. The maximal ﬂuo-
rescence intensity of ﬂc SM 18 was observed at concentrations that
differ from those observedwith the ﬂc SM probe. At low concentrations
of SM 18:0 (b1 mol%), a statistically signiﬁcant increase in ﬂuorescence
was observed (Fig. 3b, left panel). It is of note that in comparison with
ﬂc SM 16 and its kin, a strong reduction in ﬂuorescence was observed
with ﬂc SM 18 and its kin above 1 mol%. Interestingly, higher concen-
trations of cholesterol (5–15 mol%) were needed to observemaximal
unquenching of ﬂuorescence. With equimolar percentages of choles-
terol and SM 18:0, increases in ﬂuorescence were observed that
statistically did not differ from the addition of cholesterol alone,
where maximal unquenching occurs at concentrations above 1 mol%
(5–15 mol%).
4. Discussion
4.1. Flc SMs — tools to analyze speciﬁc lipid–lipid interactions
On the basis of pentaene-fatty acids incorporated into SMs as lipid
ﬂuorophores, we established a novel assay to study speciﬁc lipid–lipid
interactions in model membranes (Fig. 2). Dilution with 1-octanol orthe detergents C12E8 or Façade EM revealed signiﬁcant increases in
ﬂuorescence to a magnitude of 50–60% (Fig. 1b–c), indicating that ﬂuo-
rescence unquenching can monitor interactions of the ﬂc SMs in model
membranes. This assay offers the advantage of assessing interactions at
physiological concentrations of the lipid of interest in model mem-
branes. Spatial separation of pentaene-lipid molecules as the ‘bait’ for
a lipidic interactor (a ‘prey’ lipid molecule) was hence employed to an-
alyze differential afﬁnities of the ﬂuorescent lipid analogs for their kin
and/or cholesterol. The speciﬁcity of unquenching was challenged by
probing SM 18:0 with ﬂc SM 18, ﬂc PC 18 (a PCmolecular species struc-
turally highly similar to ﬂc SM 18) and C12-NBD-SM. Signiﬁcant in-
crease in ﬂuorescence was only observed for the pair ﬂc SM 18 and
SM 18:0 (Fig. 1e), further corroborating the suitability of ﬂc fatty acid-
labeled lipids as probes for speciﬁc lipid–lipid interactions.
4.2. Individual afﬁnities of molecular species of ﬂc SM for their kin or
cholesterol
Flc SMs (with C16 and C18 fatty acids) were tested for differences in
their afﬁnity for their kin and/or for cholesterol as lipidic interactors in
artiﬁcial membranes mimicking a Ld-phase. Addition of unlabeled SM
species and/or cholesterol led to signiﬁcant differences in ﬂuorescence
yield for all tested molecular species of ﬂc SM. Maximal unquenching
depended on both the particular ﬂc SM species and the membrane
lipid (cholesterol and/or kin molecular SM species) analyzed.
Various in vitro and in silico studies had previously indicated that
SMs are prone to interact with cholesterol (see Section 1). In contrast
to ﬂc SM18, ﬂc SM 16 did not display differences in unquenching with
both cholesterol and its kin at all concentrations (Fig. 3a). A similar
SM 18 
SM
chol
PC SM/chol 
nanodomain
SM nanodomain
SM 16 
< 1 mol% chol/SM > 1 mol% chol/SM
Fig. 4. Interactions of SMmolecular species inmodelmembranes. Analysis ofﬂuorescence
unquenching of ﬂc SM probes as a measure for lipid–lipid interaction in membranes indi-
cates the formation of nano‐domains either consisting of SM and cholesterol or of SM
alone. While ﬂc SM 16 does not display a signiﬁcant preference for either cholesterol or
its kin molecule in nano‐domain formation at all concentrations tested, ﬂc SM 18 displays
a signiﬁcant afﬁnity for its kin at concentrations below 1 mol%. Above 1 mol% contacts of
SM 18 with cholesterol are favored. Increased areas of lipids indicate formation of nano‐
domains, either consisting of SM 16 and cholesterol (upper panels) or of SM 18 alone
(lower left panel) or of SM 18 and cholesterol (lower right panel).
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Jaikishan and Slotte [20]. It is hence tempting to speculate that SM
16:0, with its dual speciﬁcity, can serve as a critical player in the mat-
uration of lo-phases. Such a role is further supported by the fact that
SM 16:0 is a major SM species in many tissues.
Flc SM 18, on the one hand, exhibits maximal increases in ﬂuores-
cence intensity at low concentrations of its kin, SM 18:0 (Fig. 3b).
Such interactions at low concentrations would allow formation of
nano‐domains of SM 18 in ld phases, and thus to “inoculate” lo do-
mains. Similar conclusions were drawn by Niemelä et al. [9] based on
molecular dynamics simulations, where among the SMs SM 18 dis-
played the highest extent of inter-molecular hydrogen bond formation.
Interestingly, with increasing concentrations of SM 18:0 unquenching
of ﬂuorescence is reversed.We speculate that lipid domains are created
depending on the concentration of SMmolecular species and/or choles-
terol, and that at such “critical domain concentrations” [58] nano-
assemblies are formed that would differentially space lipids within
such assemblies. With cholesterol, we ﬁnd maximal increases in ﬂuo-
rescence but at signiﬁcantly higher concentrations of the sterol. In lipo-
somes with equimolar amounts of cholesterol and kin, the ﬂuorescence
pattern of ﬂc SM 18 at all concentrations resembles the one obtained
with cholesterol alone (Fig. 3b, compare blue and gray columns). This
observation suggests a higher degree of stability of SM18–cholesterol
complexes, although at low concentrations the relative afﬁnity for its
kin SM 18:0 appears to exceed that for cholesterol. As described above,
positioning of the phosphocholine head group of SM is inﬂuenced by
the architecture (length, hydroxylation, and unsaturation) of its hydro-
phobic moiety [9,10], and therefore could favor formation of an inter-
molecular hydrogen-bonding network with long-chain SM molecules
[58].
In general, the interaction of SM with cholesterol is based on a
combination of electrostatic attraction between the lipid headgroups
of SM and cholesterol, and London dispersion forces between their
hydrophobic moieties [6,14]. Notably, a tilt of the P–N vector in the
bilayer plane within the phosphocholine head group of SM toward
cholesterol was reported from in silico experiments [59] (reviewed
in: [17]). This ‘umbrella effect’ was explained by a rearrangement of
intra-molecular hydrogen-bonding of SM that further facilitateselectrostatic attraction between the head groups. The balance be-
tween intrinsic kin afﬁnities and different stabilities of nano‐domains
of SM molecular species with either cholesterol or their kin repre-
sents unprecedented characteristics of individual SMs. Our knowledge
of the early steps of formation of lo-phases and their subsequent matu-
ration tomembrane rafts is limited. Our data suggests a model for initial
steps of raft formation and maturation. Formation of lo-phases (Fig. 4)
would thus be inﬂuenced by different capabilities of individual molecu-
lar species of SM to form distinct lipid nano‐domains. Furthermore, the
formation of lipid nano‐domains in ld-phases might also provide a com-
pensatory mechanism for a situation of physical mismatch between
membrane lipids with low melting temperatures and SM, a membrane
lipid characterized by a highmelting temperature, a high degree of rigid-
ity, and a reduced diffusion coefﬁcient [58].
5. Conclusion
The complexity of the proteome of biological membranes is mat-
ched by a tremendous biodiversity of membrane lipid classes and
molecular species [1]. The self-organization potential of sterols and
sphingolipids acts as a driving force in the formation of lo-phases,
and, together with membrane proteins, contributes to the biogenesis
of specialized membrane microdomains [2]. Subtle differences of SM
molecular species in SM to SM–SM and SM–cholesterol interactions
are likely to contribute to the progression of lo-phases. Analysis of
these individual contributions at low concentrations is hampered by
inherent limitations of a variety of in vitro and in silico approaches.
To ﬁll this gap and to complement the available methodologies, this
study capitalizes on a novel class of ﬂuorescently labeled membrane
lipid analogs, pentaene-fatty acids [46,53] that allow sensitive spec-
troscopic analyses of individual afﬁnities of membrane lipids at equi-
librium. Our data imply that within the range of physiological
concentrations, deﬁned afﬁnities exist of SM for their various kin
and for cholesterol. These afﬁnities appear to be affected by the over-
all stability of speciﬁc lipid nano‐domains, and vice versa. The method
presented here enabled the detection of a homogenous SM 18 nano-
domain in the ld phase (Fig. 3). SM 16:0 appears to display similar af-
ﬁnities for both its kin and cholesterol. Reminiscent of the critical
micellar concentration (CMC) for detergents, Holthuis et al. [58]
postulated the existence of a “critical domain concentration (CDC)”
for sphingolipid/cholesterol-based nano-domains, which would be
supported by our ﬁndings. The method presented here analyzes
lipid–lipid interactions at their equilibrium. In a physiological context,
where biosynthesis of certain molecular lipid species may differ spatio-
temporally, our data suggests that two routesmight exist for the biosyn-
thesis of membrane rafts: i) fusion of homogenous SM nano-domains
with preexisting domains rich in cholesterol, and ii) continuousmatura-
tion of lo-phases driven directly by lipid biosynthesis.
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.bbamem.2012.06.004.
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